We investigate the influence of itinerant carriers on dynamics and fluctuation of local moments in Fe-based superconductors, via linear spin-wave analysis of a spin-fermion model containing both itinerant and local degrees of freedom. Surprisingly against the common lore, instead of enhancing the (π,0) order, itinerant carriers with well nested Fermi surfaces is found to induce significant amount of spatial and temporal quantum fluctuation that leads to the observed small ordered moment. Interestingly, the underlying mechanism is shown to be intra-pocket nesting-associated long-range coupling, rather than the previously believed ferromagnetic double-exchange effect. This challenges the validity of ferromagnetically compensated first-neighbor coupling reported from shortrange fitting to the experimental dispersion, which turns out to result instead from the ferro-orbital order that is also found instrumental in stabilizing the magnetic order.
We investigate the influence of itinerant carriers on dynamics and fluctuation of local moments in Fe-based superconductors, via linear spin-wave analysis of a spin-fermion model containing both itinerant and local degrees of freedom. Surprisingly against the common lore, instead of enhancing the (π,0) order, itinerant carriers with well nested Fermi surfaces is found to induce significant amount of spatial and temporal quantum fluctuation that leads to the observed small ordered moment. Interestingly, the underlying mechanism is shown to be intra-pocket nesting-associated long-range coupling, rather than the previously believed ferromagnetic double-exchange effect. This challenges the validity of ferromagnetically compensated first-neighbor coupling reported from shortrange fitting to the experimental dispersion, which turns out to result instead from the ferro-orbital order that is also found instrumental in stabilizing the magnetic order. In the decades-long quest to understand hightemperature superconductivity, antiferromagnetic (AFM) correlation has been one of the primary research focuses, due to its frequent proximity to superconductivity in the phase diagram. The newly discovered Fe-based superconductors (Fe-SC) add another interesting example to such proximity: the parent compounds next to the superconducting phase possess a (π,0) C-type antiferromagnetic (C-AFM) correlation, antiferromagnetic along the x-direction and ferromagnetic along the y-direction. This C-AFM is further accompanied by a strong coupling to a ferro-orbital (FO) [1] [2] [3] (or nematic [4] ) and structural correlation that breaks the lattice rotational symmetry and suppresses fluctuation to the (0,π) C-AFM correlation. Upon doping, the C-AFM correlation no longer condenses into a long-range order, but still persists at short range in the superconducting regime [5] , suggesting its importance in the underlying electronic structure that hosts superconductivity.
Interestingly, even in the undoped parent compounds, the C-AFM order presents an unusual characteristic: the ordered magnetic moment is much smaller than the local moment. Indeed, Table I that summarizes the experimentally estimated moments at low temperature, shows a systematic large reduction of ordered moment from the local moment across all families of Fe-SC. That is, the local moment fluctuates strongly such that only about half of it remains ordered. Such a systematic, strong quantum fluctuation is obviously physically significant, but poses a serious challenge to the proper understanding of the magnetism. Currently, this fluctuation is attributed to strong temporal fluctuation from studies [6] [7] [8] employing dynamical mean-field approximation. However, it is unclear whether this picture is handicapped by the intrinsic limitation of such a mean-field approximation that does not allow spatial fluctuation. This issue is further complicated by the presence of both large local moments and the low-energy itinerant carriers in the system. Indeed, the Fermi surface was found [19, 20] to consist of electron and hole pockets that are approximately nested by q = (π, 0). The presence of both itinerant carriers and local moments renders the knowledge obtained from pure local pictures (e.g. Heisenberg model) and the pure itinerant pictures (e.g. nesting of the Fermi surface) fundamentally inadequate. Recently, it was proposed [21] that the itinerant carriers introduces a strong ferromagnetic correlation along the y-direction (so-called double exchange effect) that stabilizes the C-AFM. Another study [22] , however, attributed stability of C-AFM to the assistance of the antiferromagnetic nesting of the Fermi surface. Obviously, it is important and timely to clarify how the itinerant carriers modulate the dynamics and fluctuation of the local moments, and to reveal the dominant magnetic mechanism and the role of the Fermi surface nesting.
In this Letter, we investigate the influence of the itinerant carriers on the dynamics and fluctuation of the lo-cal moments, using a spin-fermion model with ferromagnetic Hund's coupling. Surprisingly, upon integrating out the itinerant degree of freedom within a linear spin-wave analysis, we found that itinerant carriers with well nested Fermi surface, instead of enhancing the C-AFM order, actually induce large spatial and temporal quantum fluctuation that reduces the ordered moment significantly. Interesting, the itinerancy induced renormalization of longrange magnetic couplings gives a strong antiferromagnetic first-neighboring coupling that tends to destabilize the C-AFM order. This is opposite to the ferromagnetic double-exchange effect previously proposed [21] to explain the seemingly ferromagnetically compensated firstneighbor coupling [23] from short-range fitting of the experimental dispersion. Our result challenges the validity of such fitting, and demonstrates the true origin being the FO order instead, which is found also instrumental in stabilizing the C-AFM order. Our study not only explains the strong moment-fluctuation in Fe-SCs, but also advocates future investigations of itinerant-local interplay in strongly correlated materials.
The simplest model to describe systems consisting of local and itinerant degrees of freedom is the spin-fermion model [21, [24] [25] [26] :
in which the local moments S i at site i couples antiferromagnetically to its first and second neighbors via J 1 and J 2 , and couples ferromagnetically to the itinerant carriers via Hund's coupling J H . (Here σ ss is the usual Pauli matrices.) The itinerant carrier c † ims of orbital m and spin s at site i hops with parameter t ii . Since Eq. 1 lacks interaction between fermions that drives the intrinsic orbital instability, we include the effect of FO order via an order parameter that shifts the yz/xz orbital upward/downward by η m . The chemical potential µ is evaluated for each set of magnetic and orbital order parameters to ensures equal number of electron and hole carriers, corresponding to the undoped parent compounds.
Very often, this model is applied to incorporate only a subset of the bands of the five Fe d-bands as itinerant carriers, having in mind that the rest of the bands constitute the local moment [21, [24] [25] [26] , consistent with the notion of orbital selective Mott transition [27] . However, such clean separation is not the only way in which the spin-fermion model can be justified or utilized. Generally speaking, the physics to be captured in the model is how the kinetic energy of the low-energy carriers interplay with the potential energy of local moments that are low-energy in the spin (particle-hole) channel but highenergy in the one-particle spectral function. In line with this spirit, we include all five low-energy Fe-As hybrid d-orbitals in order to capture the realistic Fermi surface, knowing that only the low-energy portion of the carriers will contribute to the renormalization of magnetic coupling between local moments. (Analogously, Hubbard's treatment of thermal fluctuation in itinerant magnetism for Fe and Ni [28, 29] also include the full itinerant bands, with S termed "exchange field".) Specifically, we obtain first a 10-band 3D Hamiltonian from density functional theory, represented by the low-energy Wannier function [30] . We then reduce it to a 5-band 2D Hamiltonian in the pseudo-momentum space via the local gauge transformation [31] [32] [33] and apply it to Eq. 1.
Since we are mostly interested in the generic qualitative trends how the itinerant carriers modify the dynamics and fluctuation of the local moments in all the FeSC families, we choose the prototypical LaOFeAs for the illustration below. We follow the procedure of Ref. [21] to integrate out the itinerant carriers up to the 2nd order in J H /S within the linear spin-wave theory (assisted by Holstein-Primakoff transformation, as usual) [31] while fixing S = 1 as a representative case. A discrete 500x500 momentum mesh and a thermal broadening of 100meV are used to ensure a good convergence and to avoid material-specific features [34] . The resulting renormalized spin-wave Hamiltonian (in unit of S 2 )
corresponds to a Heisenberg Hamiltonian of the local moments with renormalized long-range couplingJ ii
and gives the spin-wave dispersion and fluctuation of the ordered moment [31] . All the results below correspond to bare couplings of the local moment J 1 = 19meV and J 2 = 13meV that, after renormalization, give the correct experimental spin-wave bandwidth (∼ 200meV [23, [35] [36] [37] ) and a sufficiently stable C-AFM phase.
To visualize the overall effects of itinerant carriers, Fig. 1(a) shows the resulting renormalized spin-wave dispersion for a fixed strength of FO order. As the coupling J H to itinerant carriers increases from 0.45eV to 0.64eV, the dispersion becomes stronger along the antiferromagnetic x-direction [(0,0)-(π,0)], while the ferromagnetic y-direction [(π,0)-(π,π)] is only weakly affected. This indicates that the dominant physical effect is not the ferromagnetic double exchange effect proposed previously [21] , but instead an enhancement of the AFM couplings. This qualitative contrast in the physical conclusions is related to the employed fermion Fermi surface. and thus favored nearly ferromagnetic couplings. On the other hand, our realistic Fermi surface has compensated hole-and electron-pockets separated by (π,0) and (0,π), which promotes AFM couplings at short range.
The induced AFM coupling turns out to fluctuate significantly the C-AFM state. Fig. 1(b) shows that as J H increases beyond 0.4eV, the fluctuating portion of the moment [38] 
grows quickly and easily exceed 0.5, half of the local moment, accounting for the experimental observation. Since this quantum fluctuation originates from spontaneous creation of propagating magnons in a perfectly ordered state [39, 40] , it is naturlaly spatial and temporal. More detailed microscopic understanding of this AFM coupling-induced fluctuation can be obtained from Fig. 1(c) that shows the renormalized first-neighboring couplings in x-and y-directions (J 1x andJ 1y ), and the renormalized second-neighboring coupling (J 2 ), for the case of = 30meV as an example. As J H grows near 0.6eV,J 1y increases faster than 2J 2 and eventually approaches the latter, a situation in which the C-AFM state becomes unstable against (π,q)-fluctuation (−π ≤ q ≤ π) according to the simple classical energy estimation of the short-range J 1 -J 2 model.
In other words, even though itinerant carriers themselves, having an approximate (π,0) nesting, prefer C- AFM correlation, their influence on the couplings of local moments, however, gives a largerJ 1y that disfavors the C-AFM correlation and produces strong fluctuation. Evidently, the previously reported itenerant nesting-enhanced susceptibility at (π,0) [22] is insufficient to conclude a more stabile C-AFM state. Instead, the even stronger enhancement of (π,q) fluctuation reveals the dominant role of itinerant carriers in reducing the C-AFM ordered moment. Such a surprising effect merely reflects the rich interplay between the itinerant carriers and local moments in our model, and set an alarming example against the usual itinerant-only considerations (e.g. the typical normal-state nesting arguments).
It is important to note the significant contributions of the RKKY-like long-range (power-law decaying) couplings between local moments induced by itinerant carriers [41] . Indeed, besides the leadingJ 1x ,J 1y , andJ 2 , the resulting renormalized couplingJ contains small but long-range components that add up to important contributions. Table II gives an example of the calculated A q , B q and the spin-wave energy w q , with and without the long-range couplings. It shows that inclusion of longrange couplings can change these values by a factor of two, confirming their importance. This is another alarming message to the common analysis of inelastic neutron scattering measurements that use only short-range couplings to fit the experimental data. For systems with itinerant carriers and consequently long-range magnetic couplings, such fitting can be dangerously misleading about the important physical effects.
The long range of the couplings naturally enables local moments to fluctuate with extended spatial structures. For example, the spin-wave dispersion in Fig. 1(a) shows a softening in the vicinity of (π,π/5), indicating strong fluctuation approximately in period of 10 unit cells. Our results therefore conclude a strong spatial fluctuation in addition to the currently emphasized temporal fluctuation [6] [7] [8] of the magnetic moment.
The origin of the enhanced fluctuation in the vicinity of (π,π/5) can actually be associated with the Fermi surface of the ordered state. As an illustration, Fig 2(a) shows the Fermi surface modified by the C-AFM and FO order parameters, unfolded in one-Fe Brillouin zone. One can observe an approximate intra-pocket nesting of (0, 2k F )∼(0, π/5), equivalent to (π, π/5), matching the momentum region of the spin-wave softening and the enhanced fluctuation in Fig 2(b) . In essence, the short- Having established the main physical effects of the itinerant carriers, we now illustrate the essential role of the FO order in the C-AFM state using the right panels of Fig 1. Figure 1(d) shows clearly that a stronger FO order increases the dispersion along the path from (π,0) to (π,π), but barely changes the dispersion along the antiferromagnetic x-direction. In some of the Fe-SCs, such an enhanced spin-wave dispersion along the ferromagnetic ydirection has in fact been observed experimentally [23] , and was previously attributed to a nearly compensated J 1y . This appears to suggest a large ferromagnetic double exchange effect. However, as discussed above, our realistic Fermi surface produces largely enhanced AFM J 1x ,J 1y andJ 2 , and thus does not support the double exchange picture. Indeed, Fig. 1(f) shows that this remains true even after introduction of the FO order: WhileJ 1x andJ 1y are slightly split by the anisotropy introduced by FO, they remain strongly antiferromagnetic.
Our results in Fig 1 thus uncovers the FO order being the true key physical effect. More microscopically, it is the FO order induced anisotropy in the renormalized couplingJ that raises the spin-wave energy along the path from (π,0) to (π,π) and slightly reduce the fluctuation. While the C-AFM order can also introduce the anisotropy, Fig. 1(a)(b) clearly indicates their different physical effects: C-AFM order enhances the dispersion along the x-direction, but FO order the y-direction. It is now also understandable why the experimental fitting may lead to nearly compensatedJ 1y : the fitting assigns all the anisotropy to one short-range coupling, even though in reality such anisotropy is spread out to a large number of long-range couplings instead, dictated by the itinerant nature.
In fact, the FO order is found essential to the C-AFM order. For example, in Fig. 1 (f)J 1y > 2J 2 suggests that the C-AFM state should already be unstable if it weren't for the FO-induced anisotropy in the couplings. Indeed, one sees in Fig. 1 (e) that a stronger FO order helps to reduce the moment fluctuation. Within the realistic parameter range, our result gives a phase diagram in Fig. 3 , in which the C-AFM order requires the FO order for J H > 0.57eV. This accounts naturally for the experimental fact across all Fe-SC families, that the FO/structural order always precedes the magnetic order [12, [45] [46] [47] . Of course, if the fluctuation in the extended (π,q) region overwhelms the aid from the FO order, the C-AFM order will still be destroyed. This gives the simplest explanation of the absence of magnetic order in FeSe, which still presents a strong FO/structural order [48] . Sure enough, spin-disordered Se-rich FeTe 1−x Se x [42] [43] [44] samples all present extended (π,q) fluctuation similar to Fig. 3(d) .
In conclusion, we investigate the generic effects of itinerant carriers on the dynamics and fluctuation of local moments in the parent compounds of Fe-based superconductors, by integrating out the itinerant carriers that couple to the local moment via Hund's coupling. Unexpectedly, while the (π,0)-nested itinerant carriers alone prefers a C-AFM order, they however fluctuate efficiently C-AFM ordered local moments and produce the experimentally observed large reduction of the latter. Interestingly, the itinerant carriers induce long-range couplings between local moments with AFM first-neighboring couplings, producing strong spatial and temporal quantum fluctuation. This surprising finding is opposite to the common intuition of the nesting effect, and is distinct from the ferromagnetic double-exchange physics proposed previously to explain the seemingly ferromagnetic compensated first-neighbor coupling from short-range fitting of measured spin-wave dispersion. Our result challenges the validity of such fitting and demonstrates that such dispersion results naturally from the FO order, which is also essential in stabilizing the C-AFM. These new insights illustrate the generic rich interplay between itinerant and localized degrees of freedom in many-body systems, and advocate further systematic investigation of transport, superconductivity, and other fluctuation dominant phenomena in these systems.
